Abstract-In this paper, we propose and study several new designs of a shunt capacitor filter with two surface-mount technology capacitors. These designs make use of mutual inductance effects to increase the attenuation provided by the filter in the range of high frequencies where the filter behaves inductively. We provide lumped element circuit models for the proposed designs that allow identification of the key inductive parameters that determine the high-frequency performance of these filters. We obtain the equations relating these parameters to the effective inductance of the filter, which can be used to compare the high-frequency behavior of different filter designs. We have fabricated and measured several compact shunt capacitor filters with improved performance at high frequencies. We have found that, compared with a shunt capacitor filter with one capacitor, a proper filter design with two capacitors can easily increase in 15-20 dB the high-frequency attenuation provided by the filter. This design also outperforms by 10-15 dB a traditional shunt capacitor filter with two capacitors closely placed. Moreover, this improvement is obtained with no increase in size, cost, or time of design of the filter.
I. INTRODUCTION
L OW-PASS filters are today key components in helping electronic circuits to meet the applicable EMC regulations. In general, a filter with high insertion loss can be achieved by using a sufficiently high number of filter components and stages. However, practical and economic considerations make it desirable to keep EMI filters as simple, cheap, and compact as possible [1] .
Shunt capacitors are widely employed in many applications as a low-cost, compact, and effective low-pass filter. However, the high-frequency performance of a shunt capacitor filter is limited by the mutual inductance between the input and output loops of the capacitor, that causes the capacitor to behave inductively above its frequency of resonance [1] - [3] . Up to a point, this issue can be dealt with by using design rules as minimizing the length and height above the ground plane of the trace that connects the capacitor to the via or using multiple vias [2] , [4] . To further improve the performance of the shunt capacitor filter, it is necessary to implement methods to cancel the parasitic inductance of the shunt capacitor [5] - [10] . These works make use of magnetic coupling between the traces connected to the terminals of one or several capacitors to create negative effective inductances that counteract the parasitic inductance of the capacitors. This magnetic coupling is achieved by means of air-core winding printed on the circuit board or discretely constructed. However, these techniques have been designed for physically large shunt capacitors for power applications. Small filters intended to operate at much higher frequencies (typically well above 100 MHz) as those often required in modern digital circuits usually make use of surface-mount technology (SMT) shunt capacitors connected between the signal trace and the return plane of a printed circuit board (PCB). In this applications, coupled coils are not practical due not only to space restrictions but also to the fact that parasitic capacitance limits the effectiveness of coupled windings at frequencies above a few tens of megahertzs [6] .
Reduction of parasitic inductance of shunt SMT capacitors by using capacitors with three and four leads have been reported in [3] and [11] . Also, [12] demonstrates that by placing two shunt capacitors in parallel separated an appropriate distance it is possible to attain a significant improvement in the attenuation of the filter. Recently, in [13] , a new method has been presented that successfully adapt the canceling inductance scheme in [6] to shunt capacitor filters with SMT capacitors. This design method allows for canceling the parasitic inductance of the shunt capacitors by using magnetic coupling between coplanar traces and it has been more recently generalized to take advantage as well of magnetic coupling between vias in PCBs with more than two layers [14] . Results in [13] show that an effective cancellation of the parasitic inductance of shunt SMT capacitors can be achieved at the cost of increasing the size of the filter. Also, some effort is required to design the coupled traces that provide inductance cancellation. A cost-effective alternative has been recently presented by the authors of this paper in [15] . In that study, the shunt path itself is coupled to a segment of the input or output loops of the filter circuit to provide 8-10 dB of extra attenuation at high frequencies.
In this study, we show that even better results can be obtained for shunt capacitor filters with two SMT capacitors. We demonstrate that in these filters, it is possible to take advantage of both the mutual couplings between the shunt paths and the signal trace and the mutual coupling between the shunt paths themselves, which is a limiting parameter in many cases [12] . We carry out a comprehensive study of the impact of mutual couplings on the performance of these filters and present circuit models that accounts for the improvements obtained with the different filter designs that we propose. Several test boards have been fabricated and measured to verify the accuracy of these circuit models and to determine the actual improvement provided by this design strategy. We show that it is possible to obtain a significant increase of the high-frequency attenuation provided by the filter with no increase of its size, cost, or time of design.
II. ANALYSIS
The physical implementation of a shunt capacitor filter necessarily introduces a mutual inductance between the input and output loops of the circuit [3] , [12] . This mutual inductance can be modeled as a series inductance and it is usually referred to as the equivalent series inductance (ESL) of the capacitor. Also, if the traces or leads connecting the capacitor to the input and output ports are electrically short they can be modeled by another two self-inductances that actually accounts for the magnetic flux that does not link the input and output loops. These two self-inductances may be negligible if the ESL of the capacitor is sufficiently high [11] . The presence of the ESL causes the impedance of the capacitor to increase with frequency above the self-resonance frequency, thus degrading the performance of the shunt capacitor filter [2] , [3] . It is well known that a filter with a better response at high frequency can be obtained by using two or more shunt capacitors in parallel, instead of only one [12] . Alternatively, some improvement in the high-frequency response of a single capacitor filter can be obtained by exploiting the magnetic coupling of the capacitor's shunt path to the signal trace [15] . To understand the improvement provided by the filter designs proposed in this study it is illustrative to start by analyzing a simple model of a shunt capacitor filter with two capacitors and compare its features with those of a filter with only a shunt capacitor. Fig. 1 shows a schematic of a filter that could model in a first approximation a filter with two SMT capacitors connected in parallel to the signal trace and separated a distance d. A picture of the physical realization of such a filter is shown in the upper part of Fig. 2 . In the schematic of Fig. 1 , an inductance L c and a resistor R c are placed in series with each capacitor to account for the ESL and the equivalent series resistance (ESR) of each capacitor. In that schematic, the filter is excited by a source whose output resistance is matched to the load
A. Simple Model of a Filter with Two Capacitors
The inductance L d in that schematic accounts for the net partial In many practical cases, this corresponds to frequencies near those at which the line is no longer electrically short [15] . Table I shows L r and L ar , namely the inductances that corresponds to the resonant and antiresonant frequencies of the filter in Fig. 1 and of the filter with only one capacitor that can be coupled or uncoupled to the trace. In the expressions in Table I , M t is the mutual inductance between the shunt path and the trace [15] . For a filter with one capacitor, the resonant inductance coincides with the effective inductance: L ef = L r . However, this 
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Also, inductance corresponding to ω r of a filter with one capacitor of capacitance C .
is not the case for filters with two capacitors. In general, L ef can be calculated by circuit analysis of the lumped element circuit model of the filter by neglecting the impedance of the capacitors (and their ESR, R c ) with respect to L c , and by considering that the frequency is still sufficiently low as to allow us to neglect the reactance of the line against the load and source resistances: ωL i R, where i = 1, 2. For R = 50 Ω, this condition is met in practice in a wide range of frequencies above the frequency of resonance, as we will see in Section III. For the filter in Fig. 1 , we have
From (1), it can be seen that for L d = 0 the effective inductance of the filter with two capacitors is L c /2, i.e., one half of that of the filter with one capacitor. This simply reflects the fact that we have two L c in parallel. However, note that a nonnegligible L d further increases the attenuation of the filter, although it also introduces an antiresonance peak. Measurements reported in Section III and in [12] confirm that for low and moderate d values the antiresonance peak is damped by the ESR of the capacitors. However, note that when L d increases the characteristic impedance of the resonant LC circuit (namely, Z c = 2(L d + 2L c )/C) increases, and therefore, the damping factor of the RLC resonant circuit decreases. This results in an increase of the magnitude of the antiresonant peak of |S 21 | as d increases. This may be an issue if the antiresonant frequency happens to coincide with a harmonic intended to be filtered out. Summing up, placing two capacitors in parallel effectively decreases the effective inductance of the filter at high frequencies when comparing with a filter with only one capacitor. This effect is due not only to the fact that the parasitic inductances of the two capacitors are in parallel but also to the inductance L d between the two capacitors. However, increasing the distance between the capacitors also introduces an antiresonant peak in |S 21 |.
B. Filters with Two Capacitors and Mutual Coupling
The simple circuit model of Fig. 1 fails in that it ignores the effects of magnetic coupling between current paths. To refine the model of the filter with two capacitors, let us focus on Fig. 2 . Because the capacitor's paths in this filter are parallel to each other, it is possible for some of the magnetic field lines surrounding one of the capacitors to encircle also the other capacitor, thus giving rise to a mutual coupling between the shunt paths denoted 
In these equations:
in the schematics of Fig. 2 by M c . Since M c accounts for the inductive coupling of the noise current flowing through the first capacitor to the output loop of the filter, the presence of M c is expected to undermine the performance of the filter [12] . This can also be looked at by considering that the two inductances L c are now coupled to form a common-mode choke, which opposes the current flowing simultaneously through both shunt paths to the return plane. Fig. 2 , which is very sensitive to the modification of any of the parameters of the filter. In Section III, we will take advantage of this fact to extract the inductive parameters of the structure (L d , L c , and M c ) by means of curve fitting. This will allow us to estimate these parameters and to understand the role played by them in the performance of the alternative filter designs that we present on the remainder of this section. Filter of Fig. 1 L c
In these equations: The first alternative design for a two-capacitors filter is shown in Fig. 3 . This design is based upon the idea reported in [15] for a shunt capacitor filter with only one capacitor. Basically, it consists in taking advantage of the mutual inductance created between the shunt path and the signal trace. Table I shows that for the filter with one capacitor the effective inductance decreases when a mutual inductance M t appears between the shunt path and the trace (for this filter L ef = L r , as already mentioned). In [15] , it is demonstrated that for SMT capacitors this can lead to an increase of 5-10 dB in the attenuation of the filter at frequencies above the resonant frequency. The idea here is to increase the effective shunt-path-to-trace coupling by splitting the shunt path into two shunt paths parallel to the trace. This is denoted by the two mutual inductances M t appearing in the schematic in Fig. 3 . In principle, using a thin trace as close to the capacitors as possible will help to increase M t , and therefore, to improve the attenuation provided by the filter. However, note that placing the two capacitors very close to each other will make it possible for some of the magnetic field lines encircling one of the capacitors to encircle also the other one. This will introduce a mutual coupling between the shunt paths, which is accounted for by the mutual inductance M c in Fig. 3 . This coupling will degrade the performance of the filter due to the same common-mode choke effect that affects the filter of Fig. 2 . This is confirmed by the equation of the effective inductance of the filter of Fig. 3 , shown in Table III. Note that in that equation L c appears multiplied by a 1/2 factor, which is related to the use of two equal inductances in parallel, but this factor does not affect the mutual inductance M t , which acts decreasing L ef with a greater relative impact that for a single capacitor filter. However, the coupling between the shunt paths, accounted for by M c , increases L ef , thus degrading the high-frequency performance of the filter. The actual impact of M c in the performance of this filter will be investigated by fabricating, measuring, and comparing several filter prototypes in Section III. In spite of the possible negative effect of M c , an advantage of this filter design is that because there is no distance between the capacitors, L d = 0 and the |S 21 | curve of the filter will present no antiresonance peak.
To overcome the negative effect of the mutual coupling between shunt paths that appears in the filter of Fig. 2 we present an alternative filter configuration in Fig. 4 . In that design, the two shunt paths are also coupled to the signal trace, but they are connected in such a way that the high-frequency currents diverted from the trace to the return plane through those shunt paths flow in opposite directions in one capacitor with respect to the other. This creates a mutual coupling between these two current paths that decreases the net impedance seen by the currents flowing simultaneously through the shunt paths. In other words, comparing with Figs. 2 and 3, the design of Fig. 4 inverts the dots of the transformer that models the coupling between the two inductances L c . In this way, the common-mode choke effect appearing in the filters of Figs. 2 and 3 is replaced by an opposite effect, which favors the current flowing through both capacitors toward the return plane. Also, the design of Fig. 4 introduces a small inductance, L d , between the two points of connection of the capacitors to the signal trace. As we have already seen, this inductance improves the high-frequency attenuation of the filter at the cost of introducing an antiresonant peak on the |S 21 | curve. However, because in this case L d is kept necessarily small, it will not cause a noticeable antiresonance effect, as we will show in Section III.
The potential benefits of this filter are confirmed by circuit analysis. A close inspection of the equation of the effective inductance of the filter of Fig. 4 , shown in Table III, reveals that in this case, the effect of M c is to decrease, in instead of increase, the effective inductance of the filter, thus contributing to increase the attenuation provided by the filter at high frequencies. Also M t and L d increase the filter attenuation. Therefore, all the selfand mutual inductances introduced in this design are expected to have a positive impact on the performance of the filter. Note also in Table II that M c causes the resonant frequency of this filter to split into two real values. As we will see in Section III, for practical values of L d , M c , and M t , this will result on an increase of the apparent frequency of resonance, which is actually the joint effect of two very close resonances, and consequently, it will appear as a flat minimum of the |S 21 | curve.
III. RESULTS
In this section, we present measured results of several test boards that has been designed and fabricated to verify the improvement actually provided by the alternative filter designs proposed in Section II. This will also allow us to check the accuracy of the circuit models of the filters presented in that section. All the filtering test boards described in this section have been mounted on a 1.6-mm thick FR4 substrate. Each low-pass filter is made up of two 4.7-nF capacitor connecting a 30-mm-long and 1.5-mm-width microstrip trace to a signal return plane. Two SMA connectors at both ends of each microstrip trace allow for the magnitude of the S 21 scattering parameter (the insertion gain of the filter) to be measured with a network analyzer. We have used an Agilent Fieldfox N9912A.
The first filter that we analyze in this section is that of Fig. 2 . We have fabricated three prototypes of that filter that only differ in the distance between the two capacitors (d = 1 mm, 4 mm, and 10 mm). Fig. 5 shows the measured |S 21 | for these filters along with that of a filter with only one 10-nF capacitor (approximately same net capacitance). Note that the filter with two widely separate capacitors outperforms by 15 dB the filter with only one capacitor. This agrees with results reported in [12] . Results in Fig. 5 not only make it possible a direct comparison of the performance of that filter with that of the alternative designs proposed in this study, but also will allow us to estimate typical values of the inductive parameters (M c , L c , and L d ) that account for the high-frequency behavior of this filter and of the alternative filters proposed in this study. This will also allow us to calculate the exact (negative) impact of M c in the high-frequency behavior of this filter. This calculation will help to understand and evaluate the effect of M c on the alternative filters proposed in this study.
As explained in Section II, the exact shape of the |S 21 | curve is very sensitive to small changes of M c , L c , and L d . This makes easy to determine the value of these parameters by curve fitting. In Fig. 5 , we have represented, along with the measured results, simulated results for |S 21 | obtained by using the lumped element circuit model of Fig. 2 and a curve-fitting algorithm [16] . The values obtained for M c , L c , and L d are given in Table IV , while the ESR of the capacitors has been found to be R c ≈ 0.09 Ω in all cases. In Table IV , we also include the effective inductance of each filter calculated by using (1) . Note that, by comparison, the effective inductance of the filter with only one 10-nF capacitor is: L ef = L c = 1.51 nH.
1 Therefore, a reduction of a 77% in L ef is achieved by the filter with d = 10 mm. From results in Table IV , it can also be seen that the increasing L d values are quite consistent with the 0.41 nH/mm value of the p.u.l. inductance of the microstip trace above the ground plane. These results also demonstrate that a significant mutual coupling (up to ∼ 0.5 nH) can appear between the shunt paths of two SMT capacitors when closely placed. In fact, it is easy to evaluate the impact of M c on the performance of the filter simply by taking M c = 0 in the circuit simulator (Pspice) while leaving unaltered the rest of the parameters of the circuit model of the filter. By comparing these simulated results with the measurements of Fig. 5 , we have found that for d = 1 mm the effect of M c is to decrease the attenuation provided by the filter at high frequencies by almost 5 dB, while it increases less than 2dB this attenuation when d = 4 mm and only 0.6 dB for d = 10 mm. Therefore, a key point to enhance the high-frequency response of a compact shunt capacitor filter with two capacitors is to reduce or eliminate the negative effect of the magnetic coupling between shunt paths.
The first alternative proposed here is to design a filter where the effect of M c is counteracted by the magnetic coupling of the shunt paths to the trace, as shown in Fig. 3 . To check the performance of this design, we have fabricated two filters with two 4.7-nF SMT capacitors, shown in Fig. 6 . In case (a), the trace between the capacitors keeps its width of 1.8 mm. In case (b), the trace width between the capacitors is thinner (0.6 mm) so as to increase the coupling between the capacitors and the trace. In Fig. 7 , measured results for |S 21 | of these two filters are compared with those of a conventional filter consisting in a single 10-nF capacitor perpendicular to the trace. The improvement obtained in the high-frequency insertion gain is included in Table V . These results show that the filter with the two capacitors coupled to the trace outperforms the single capacitor filter at high frequencies by almost 10 dB for a width trace and by 12 dB for the thin trace case. When comparing these results with results in Fig. 5 for the filter of Fig. 2 , it can be observed that coupling the capacitors to the trace provides an extra 3-5 dB of attenuation at high frequencies with respect to the case in Fig. 5 , where d = 1 mm. Nevertheless, if the capacitors are widely separated (d = 10 mm), the filter of Fig. 2 outperforms that of Fig. 3 by the more or less the same amount of 3-5 dB. However note that separating the capacitors sacrifices the compactness of the filter, which is maintained in the design of Fig. 3 . An additional advantage of this latter design is that it presents no antiresonance peak.
In Fig. 7 , we have included simulated results obtained with Pspice using the lumped elements circuit model of Fig. 3 and the inductive parameters of Table V, obtained by curve fitting (we have also taken L 1 = L 2 = 6.15 nH, although the effect of L 1 and L 2 is negligible in that range of frequencies). An objective comparison of measured and simulated results can be carried out by using the feature selective validation (FSV) method [17] , [18] . By using FSV, we have obtained GDM = 0.12 ("Very Good" agreement) with GRADE=SPREAD = 3 for the two pairs of dataset represented in Fig. 7 . The good agreement achieved between measured and simulated results demonstrates that the lumped element circuit model of Fig. 3 is able to account for the increase of the resonance frequency and of the high-frequency filter attenuation due to the coupling of the capacitors to the trace. In particular, it shows that decreasing the distance between the two capacitors increases both M t and M c more or less in the same amount. This improves the filter performance in accordance with the equation for L ef of this filter shown in Table III . Regarding the inductive parameters of Table V , it should be pointed out that, as opposite to the case of the previous filter, for this filter the |S 21 | curves in Fig. 7 are quite simple, and therefore, they can be approximated with more than one set of parameters. This makes it necessary to use parameters consistent with those of Table IV as departing point in the curve-fitting algorithm. Nevertheless, our aim in obtaining these parameters is to demonstrate that a simple circuit model as that in Fig. 3 can account for the high-frequency behavior of this filter and to provide an approximation to the self and mutual inductances that can be expected in a filter with SMT capacitors of these characteristics. As a final remark, note that the reduction of the trace width in case (b) should have an impact in the inductance L 2 of Fig. 3 . However, since L ef is independent of L 2 (see Table III ), this small change can be ignored in the circuit model up to several gigahertzs.
Although the design in Fig. 3 outperforms that of Fig. 2 for close capacitors, a very similar improvement can be obtained if the capacitors are placed perpendicular to the trace but in opposite sides, to avoid the M c coupling. We have checked that by fabricating the filter shown in Fig. 8 . We have found that this filter provides a high-frequency attenuation (not shown), which is very close to that of case (a) in Fig. 7 . To understand this, note that because the capacitors are placed perpendicular in instead of parallel to the trace the design of Fig. 8 allows for a lower trace-to-via distance for the currents (and hence, less L c ) while M t and M c are negligible. In conclusion, results for the filter of Fig. 3 demonstrates that this compact design provides some improvement of the high-frequency attenuation of the filter comparing with a traditional shunt capacitor filter with one or two closely placed capacitors. However, mutual coupling between shunt paths limits the improvement that can be obtained in practice.
In Fig. 4 , we have presented another alternative filter layout where the capacitors are placed in such a way that the magnetic coupling between the shunt paths improves, in instead of degrades, the performance of the filter. Fig. 9 shows four different test boards based upon the filter of Fig. 4 . Cases (c) and (d) in Fig. 9 are two versions of the design of Fig. 4 . The section of trace between both capacitors is made thinner in case (d) to increase M t [15] . This also increases M c because a thinner trace allows for placing the capacitors closer to each other. In case (e), the signal trace makes a zigzag or meander under the capacitors. This is a very simple and effective form of simultaneously increasing M t (because the current on the trace flows under in instead of by the side of the capacitors) and M c (because there is no signal trace between the capacitors, and consequently, they can be placed closer to each other). Case (f) in Fig. 9 splits the trace into two thin branches under the capacitors. This will increase M t while allowing also to place the capacitors very close to each other.
The improvement of |S 21 | at high frequency obtained with these filters with respect to a filter with one 10-nF capacitor are shown in Table VI. Comparing with Table IV , it can be seen that the insertion gain of filter (d) at high frequencies is almost 4 dB lower than that provided by the filter of Fig. 2 with widely separated capacitors. Note that this is achieved without sacrificing filter compactness and with no significant antiresonance effect.
2 Fig. 10 and results in Table VI also show that these good results can be further improved with a more careful design of the filter. In fact, cases (e) and (f) of Fig. 9 provide improvements in the high-frequency attenuation of the filter near and above 20 dB. In our opinion, case (e) stands out for its simplicity and because it does not require to alter the trace width. That means a very low impact on the characteristic impedance and the resistance of the signal trace. Simulated results are also represented in Fig. 10 . These simulated results have been calculated by using the circuit model of Fig. 4 and the inductive parameters shown in Table VI , which have been obtained by curve fitting. We have compared simulated and measured results by using the FSV method [17] , obtaining GDM = 0.12 with GRADE = SPREAD = 3 for the four pairs of data set represented in Fig. 10 . This very good agreement between measured and simulated results suggests that the lumped element circuit of Fig. 4 correctly accounts for the physical phenomena that determines the high-frequency behavior of this filter. Table VI also gathers the calculated L ef parameters of each version of this filter. It can be seen that the minimum value of L ef corresponds to case (f). This effective inductance is between seven and eight times lower than the 1.51-nH value of the single capacitor filter.
IV. CONCLUSION
In this paper, we have proposed, fabricated, and tested several new compact designs of a shunt capacitor filter with two SMT capacitors. Those new designs benefit from magnetic coupling effects to reduce the degradation of the filter response at high frequencies that appears due to the parasitic inductances of the shunt paths. Moreover, these new filter layouts do not require to increase the cost, size, or time of design of the filter. We have provided a comprehensive explanation of the influence of mutual inductance in different filter designs with two capacitors. We have presented a lumped element circuit model that accounts for the response of the proposed filters. By comparing the measured results with the circuit models of the filters we have provided approximate values of the mutual inductances that can be achieved with typical SMT capacitors.
We have shown that in conventional filters with two capacitors, the mutual coupling between shunt paths usually degrades filter performance. As a result, the distance between capacitors must be increased to improve the performance of the filter at high frequency, thus sacrificing compactness and introducing an antiresonant effect that must be controlled. We have proposed an alternative to overcome these drawbacks and to increase filter performance. In particular, we have found and optimum design for a filter with two SMT capacitors where the capacitors are oriented parallel to the trace and in close proximity between them so that they are magnetically coupled both to the trace and between them, and with shunt currents flowing in opposite directions. This design provides from 8 to 16 dB of extra attenuation at high frequencies when comparing with a conventional filter configuration with two capacitors, and an improvement of up to 20 dB comparing with a filter with one capacitor.
